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INTRODUCTION
Mangroves are important coastal ecosystems found in transition zones between marine and freshwater ecosystems such as estuaries, bays, and lagoons (holguin et al. 1999, 2001) . these ecosystems constitute a large portion (60-70%) of the coastline in the tropical and subtropical regions (Sahoo and Dhal 2009 ), and play a major socio-economic role to human communities in developing countries. they not only provide protection from tidal erosion, storm surges and trap sediment for land accretion but also play an important role in biogeochemical transformations in coastal ecosystems (Lacerda et al. 1993) .
the microbial community present in mangrove soils is strongly influenced by biogeographical, anthropogenic, and ecological properties, including the food web in the ecosystem, nutrient cycling, and the presence of organic and inorganic compounds in the sediment (Ghosh et al. 2010) . These sediments differ from common soils mainly due to their low availability of oxygen, salinity, and highly reductive redox potential, which makes organic matter hard to degrade, thus limiting the availability of nutrients (holguin et al. 2001 (holguin et al. , Ferreira et al. 2010 . Because of the accumulation of organic matter and biochemically reductive characteristics, this is an interesting ecosystem to study the transformations of nitrate/nitrite in the nitrogen cycle. Furthermore, the high litterfall, its degradation and re-mineralization, is one of the factors contributing to high nitrogen concentrations in mangrove soils (Fernandes et al. 2012) .
the nitrate present in sediments, derived from the degradation of organic compounds (Mulder et al. 1995 , rivera-Monroy et al. 1996 and subsequent oxidation of ammonium to nitrate, may be used by several competing microbial processes such as denitrification, the complete reduction of nitrate into N 2, dissimilatory nitrate reduction to ammonium (DNrA), and anaerobic ammonia oxidation (anammox), where nitrite is combined with ammonium, generating water and N 2 as the final products (Strous and Jetten 2004) . In mangroves, as in most of the natural ecosystems, the nitrogen cycle is predominantly mediated by microbes rather than chemical processes. Denitrification may be performed by facultative aerobic microorganisms, which are found in all domains of life (Bacteria, Archaea and Eukarya) (Francis et al. 2007) . DNrA is known to be catalyzed primarily by facultative and obligatory fermentative bacteria and has been documented in anaerobic sludge, anoxic sediments, and the rumen (tiedje et al. 1988 , Bonin 1996 , Nijburg et al. 1997 , Giblin et al. 2013 , Balk et al. 2015 . Anammox is performed by bacteria that form a monophyletic clade in the phylum Planctomycetes (Jetten et al. 2009 , Quan et al. 2008 , Strous and Jetten 2004 .
The main enzymes involved in denitrification are the nitrate and nitrite reductases (encoded by the structural genes narG, napAB, nirK and nirS) (reyna et al. 2010 (reyna et al. , Glockner et al. 1993 , nitric oxide reductases (encoded by genes norBC and norZ), and nitrous oxide (N 2 O) reductase (encoded by nosZ) (throback et al. 2004 (throback et al. , Chon et al. 2009 ). DNrA is performed with a dissimilatory nitrite reductase (encoded by nrfAB, Mohan and Cole 2007) , and the enzymes involved in anammox are the hydrazine hydrolase (gene hh) (Strous et al. 1999, Strous and Jetten 2004) , hydroxylamine oxidoreductase (product of the hao gene) and hydrazine-oxidoreductase (encoded by the hzo gene) (Shimamura et al. 2007) .
In this study, we have used 15 NO 3 --labeling techniques to compare the rates of the three processes in Brazilian mangrove soils, where a strong competition between microorganisms and plants for the available forms of nitrogen in the ecosystem can be expected. In addition, we screened three mangroves metagenomes for genes that encode enzymes involved in these steps of the nitrogen transformations. the combination of these approaches allowed the functional determination of its occurrences and the identification of major bacterial players in each process.
MATERIALS AND METHODS

MANGrOVE DESCrIPtION AND SAMPLING
the mangroves sampled in this study are located in the city of Bertioga, State of São Paulo, Brazil. Although they are located in the same city, these mangroves are in different states of conservation.
One of them has been affected by oil contamination in 1983, when a volume of 35 million liters of oil was released into this mangrove area. this oilcontaminated mangrove is clearly divided into two sub-regions, separated by a small stream that crosses the mangrove. In the inland area of the river, here named BrMgv02 (23°53'49'S, 46°12'28'W), the oil effects are still present, even several years after the spilt, with native vegetation still undergoing recovery; in the State of São Paulo, the mangrove forest is composed mainly by three species: Avicennia shaueriana, Laguncularia racemosa, and Rhizophora mangle, but for the area highly affected by the oil spilt the vegetation is clearly affected, composed by a lower density of plants, with the absence of R. mangle. In the area closest to the sea, named BrMgv01 (23°53'49'S, 46°12'28'W), it is not possible to observe effects of the oil spilt, possibly due to its isolation from the oil drainage promoted by the stream. In addition to these two, a third place was also sampled, named BrMgv03 (23°54'06'S, 45°15'03'W), a mangrove located near the city centre, suffering the effects of waste water and other contaminants dumped into the sea near the area. the samples were collected in January of 2011. In each of the three sub-regions described above, three replicate samples were taken, which consisted of sediment cores collected via a cylindrical steel sampler (7 cm diameter × 20 cm depth). For the nitrogen transformation experiments, the sediment samples were homogenized in the laboratory, generating three samples per area (in total nine) which were used for incubations with labeled nitrogen compounds.
ChArACtErIZAtION OF SEDIMENt SAMPLES
At the moment of sampling, electrical conductivity and salinity parameters were recorded. In addition, sand:silt:clay content, ph, humidity, organic matter, total nitrogen, total carbon, organic carbon and total sulphur were determined in all samples in collaboration with the Laboratory of Soil Analysis at "Luiz de Queiroz" College of Agriculture (ESALQ/USP, Piracicaba, Brazil), according to the methodology described by Van raij et al. (2001; table I) . the concentration of ammonium, nitrate and nitrite was obtained using Standard Spectrophotometric Method (Solórzano 1969 , Crompton 2005 . Due to the concentration values of nitrate and nitrite, these compounds were not detected by colorimetric methods ( Supplementary  table S1 ). Potential rates of anammox and denitrification were estimated by the method of thamdrup and Dalsgaard (2002), modified according to Risgaard-Petersen et al. (2003) . Briefly, we prepared gas tight bags for the sediment incubations, 20cm x 20cm size, produced from a single sheet of plastic (rolf Bayer Vacuum Packaging Gmbh, Germany). the plastic bags were equipped with a glass outlet via a screw cap and two gaskets. the opening in the outlet was sealed with a rubber stopper (hansen et al. 2000) . Inside the bags, 300 ml of artificial seawater medium of ambient salinity (0.144 g/L of red Sea Salt, Arcadia Germany) were mixed with 100 ml of fresh sediment (to obtain a final salinity of 0.6%) and remaining gas was removed. In total nine bags were prepared (3 replicates x 3 mangroves) per incubation. In order to allow the development of anoxic conditions, the experiments started 12 hours after the abovementioned preparation. the incubations started with the addition of labeled nitrate plus unlabeled ammonium to the 400 ml bags (final concentrations of 0.1 mM Na 15 NO 3 and 0.5 mM 14 Nh 4 + ). At intervals of 1.5 h, liquid samples were collected gently with a syringe and transferred to exetainers (5.9 mL, Exetainers, UK), prepared with 0.2 ml hgCl 2 to stop biological activity inside the vial. Samples were collected at periods of 0, 1.5, 3.0, 4.5 and 6.0 hours, in triplicate for each time point. A headspace was set in the exetainers by the addition of 1.5 mL argon gas with a syringe. rates of anammox ( 29 N 2 ) and denitrification ( 30 N 2 ) were measured by quantifying the production of the two forms of N 2 (i.e., 14 N 15 N and 15 N 15 N) and determined by isotope ratio mass spectrometry (IrMS system, Finigan MAt, Bremen, Germany) . the values of 29 N 2 (anammox) and 30 N 2 (denitrification) production were used in the equation described by Thamdrup and Dalsgaard (2002) to calculate anammox and denitrification total rates (expressed in nmol 29 N 2 /L/h and nmol 30 N 2 /L/h).
NOx concentrations at each time point were measured with a NOx analyzer (NOx analyser model 42c, thermo Environmental Instruments Inc., Bremen, Germany) using the vanadium chloride reduction method, according to Braman and hendrix (1989) . A KNO 3 curve with known values was used to calibrate the values obtained. To quantify the dissimilatory nitrate reduction to ammonium (DNrA) the consumption rate of nitrate and nitrite was measured. rates of DNrA were estimated by subtracting the nitrate and nitrite consumption obtained in the anammox and denitrification experiment above (NOx ) from the overall nitrate and nitrite consumption.
to support the rates obtained in these two methodologies, the concentration of ammonium, nitrate and nitrite was monitored in the sediments samples along the incubations, as explained above.
SEQUENCING OF ENVIrONMENtAL DNA FrOM MANGrOVE SEDIMENtS
Environmental DNA was sequenced as described previously by Andreote et al. (2012) . Briefly, from each of the three mangrove areas, aliquots of 0.3 g of homogenized sediment were subjected to DNA extraction using the Power Soil DNA Isolation kit (MoBio ® Laboratories Inc., Carlsbad, CA, USA). After the extractions, DNA from all samples were pooled together by mangrove (approximately 20 ng µl -1 of DNA from each extraction -from a total of 100 µl), and concentrated in a speed vacuum centrifuge (3,000 rpm for 30 min) to a final volume of 10 µl. A NanoDrop (Thermo Scientific, Wilmington, DE, USA) spectrophotometer was used to obtain an accurate quantification of the extracted DNA and to verify DNA quality.
the extracted DNAs from the Brazilian mangrove soils were subjected to pyrosequencing using 454 GS FLX titanium technology at roche Applied Sciences (Indianapolis, IN, USA).
A quarter of one 454 plate was used for each mangrove area (BrMgv01 to BrMgv03). Obtained sequences were quality trimmed using a minimum length of 30 bp, quality cut-off ≥ 20, and a window size of 20 bp. the total numbers of trimmed valid reads obtained for each metagenome used in this study were 249,993 for BrMgv01 (average size 235.2 bases, 55.75% GC content), 231,233 for BrMgv02 (average size 238.2 bases, 54.64% GC content), 214,921 for BrMgv03 (average size 247.9 bases, 56.36% GC content). The clean sequences were uploaded to the metagenomic rASt server (MG-rASt) (Meyer et al. 2008 ) made publicly accessible under the codes 4451033.3, 4451034.3 and 4451035.3 for mangroves BrMgv01, BrMgv02 and BrMgv03, respectively. For more details on sequence analyses please see Andreote et al. (2012) SELECtION OF GENES rELAtED tO thE NItrOGEN CYCLING For the detection of targeted genes, a collection of selected protein sequences for each functional gene of interest was used for a tBLAStn search against the metagenomic reads (with E-value cutoff 0.001). the reads selected for this study are involved in nitrogen pathways, denitrification (nirK, nirS, nosZ, norB and narG genes); anammox (hh, hao and hzo genes) and DNrA (nrfA). these genes were selected due to their importance in the nitrogen cycle and also common use as functional biomarkers to track the targeted transformations.
The selection of sequences to be used in this approach was performed in three steps. First, protein sequences from all prokaryotic sequenced genomes available at NCBI (<FtP://ftp.ncbi.nlm.nih.gov/ Bacteria>) were extracted. Second, the sequences that were similar to those obtained in step one were extracted from our metagenomes by tBLAStn and added to the database. Finally, available (putative) protein sequences of target functional genes from uncultured prokaryotes were retrieved from Uniprot (<http://www.uniprot.org>) and from FunGene (<http://fungene.cme.msu.edu/index.spr>).
to decrease redundancy, the retrieved sequences were clustered at 90% identity using the Uclust software and only the seed sequences of the resulting clusters were tagged and added to the final gene validation database. Metagenomic reads selected from the initial tBLAStn searches were validated by BLASTp (no E-value cutoff) against the validation database including the selected sequences. A read was considered 'validated' if a hit with a tagged sequence (of the expected functional gene) was among the first 50 hits for this read. Thus, sequences identified as related with these genes/enzymes were extracted from metagenomic data and subjected to a BLAStp search, where it was possible to determine the taxonomic affiliation of these sequences up to the class level.
All inferences on the abundance of sequences affiliated with each process or each taxonomical group was made on the basis of the normalized rate of occurrence, determined by dividing the number of sequences observed by the total number of reads from each metagenomic dataset.
RESULTS
ChArACtErIStICS OF MANGrOVE SOILS
A higher content of sand was observed in BrMgv03, followed by BrMgv02 and BrMgv01. Samples from BrMgv03 also had higher values of humidity (76.06%). Values of organic matter, total nitrogen, total carbon, organic carbon, total sulphur and conductivity tended to be higher in BrMgv02 (table I) . there was little variation in ph among mangrove samples. Samples collected from mangroves BrMgv01 and BrMgv02 had a higher salinity.
Prior to the incubations, the concentration of ammonium (Nh 4 + ) was higher in samples from the incubations of sediments with 15 NO 3 showed the differential potential rates of the targeted processes in each mangrove studied. Denitrification was predominant over anammox in all three mangroves. the values for production of 29 N 2 (indicative of anammox) were 0.10, 0.03 and 0.90 µmol/L/h for BrMgv01, BrMgv02 and BrMgv03, respectively (Figure 1a ). In counterpart, the total releases of 30 N 2 (indicative of denitrification) were 2.08, 0.34 and 2.94 µmol/L/h for BrMgv01, BrMgv02 and BrMgv03, respectively (Figure 1b ). Both processes were suppressed in samples collected in the oilaffected area (BrMgv02). The denitrification rates obtained were: 49.83 ± 4.72 µmol/L/d in BrMgv01; 10.94 ± 2.90 µmol/ L/d in BrMgv02 and 70.52 ± 2.75 µmol/L/d in BrMgv03. Anammox rates observed were 2.40 ± 0.43 µmol/L/d in BrMgv01, 0.66 ± 0.18 µmol/L/d in BrMgv02 and 2.03 ± 0.093 µmol/L/d in BrMgv03. these results showed that denitrification rates are much higher than those of anammox, around 20-fold higher in BrMgv01, 16.5-fold higher in BrMgv02 and 34.5-fold higher in BrMgv3.
the consumption of NOx compounds during six hours of incubation also allowed the quantification of DNrA in mangrove soils, with rates that varied among mangroves. results indicated that mangrove BrMgv02 showed the highest NOx consumption (-7.66 µmol NO - the total number of reads obtained for each metagenome was 249.993 for BrMgv01, 231.233 for BrMgv02 and 214.921 for BrMgv03. From this total, our approach allowed us to identify a total of 81 sequences related to nitrogen cycle transformations [56, 19 and 6 sequences related to denitrification (genes narG, nirK, nirS, norB and nosZ), anammox (genes hh, hzo and hao) and DNrA (nrfA), respectively] (Figure 3 and table SII). With the exception of narG, the low number of sequences retrieved for most genes did not enable us to make inferences about possible differences in the abundance of genes in mangrove sediments. the mangrove metagenomes displayed the highest number of reads for narG compared to the other denitrification genes (Figure 3 and Table SII) .
regarding the relative proportion of reads involved in each process (normalization per 100,000 sequences), we observed that mangrove BrMgv01 showed the higher number of reads related to denitrification (10.80), followed by anammox (1,60) and DNrA (0.80) (table II) . Mangrove BrMgv02 showed a lower number of reads involved in all three processes, compared to the other two areas (table II) , with a higher number of reads involved in denitrification (4.76), followed by anammox (1.73) and DNrA (0.86). Mangrove BrMgv03 showed a similar trend as observed for mangrove BrMgv02 (table II) .
The taxonomic affiliation of the sequences indicated the main bacterial classes harboring the genes involved in the processes studied here, and suggested that the diversity of groups harboring the genes related to anammox and DNrA is much lower, compared to denitrification (Figure 4) . Sequences related to anammox (genes hh and hzo)
were predominantly affiliated to Planctomycetes, except for those from BrMgv02, mainly affiliated to Deltapropteobacteria (Figure 4) . Sequences identified as related to nrfA genes, which are associated with DNrA pathway, were taxonomically affiliated only with Gammaproteobacteria ( Figure  4) . Sequences of genes related to denitrification were phylogenetically distributed along distinct groups depending on the mangrove area analyzed. Overall, sequences were mostly affiliated with Gammaproteobacteria (nosZ and narG genes) and Alphaproteobacteria (nirK and nirS genes) (Figure 4) . Mangrove BrMgv02 was the most diverse sample (nine bacterial classes identified), followed by BrMgv03 (six classes) and BrMgv01 (four classes). In the BrMgv01 there was a predominance of sequences affiliated with Alphaproteobacteria, Gammaproteobacteria and Bacteroidetes, followed by the abundance of genes related to Betaproteobacteria, whereas in BrMgv02 no sequence was affiliated with Bacteroidetes, but Alpha-and Gammaproteobacteria remain dominant for denitrification-related genes in this area. In mangrove BrMgv02 the number of classes observed was higher, with a higher proportion of those from Alphaproteobacteria and Gammaproteobacteria, followed by other classes such as Betaproteobacteria and Bacilli (Figure 4 ).
DISCUSSION
the taxonomical composition of microbial communities inhabiting mangrove soils is widely described (Andreote et al. 2012 , thompson et al. 2013 , Jiang et al. 2013 , Nogueira et al. 2015 . In the last years, we have gained insights about the occurrence of differential microbiomes in mangroves under distinct stages of preservation (Andreote et al. 2012 , Dias et al. 2012 , Nogueira et al. 2015 . In counterpart, the activities of these microbes in the biogeochemical cycles have been mostly based on indirect approaches (Andreote et al. 2012) , such as gene abundances. therefore, in this study, we performed experiments with labeled nitrogen ( 15 N) compounds and metagenomics to better understand the actual rates of the nitrogen cycling processes, denitrification, anammox and DNrA.
Although some studies in mangroves and other anaerobic soils have indicated high anammox activity (Meyer et al. 2005) , we observed that denitrification predominates and co-operates with DrNA in all three mangroves assessed in the present study. Similar results were previously observed in shrimp pond sediments and mangroves (Balk et al. Moreover, in conditions that stimulate sulfate reduction, sulfide-based denitrification might be favored competing with anaerobic ammonium oxidation, which is repressed in the presence of h 2 S . Possibly, the main cause for the differences observed here is the environmental contamination, as denitrification is a process known to be performed by a wide diversity of bacteria (Allison and Martiny, 2008) . According to Balk et al. (2016) , in forest soil ecosystems, a variety of taxonomically unrelated bacterial groups are capable of denitrification, with 96% of cultured denitrifiers belonging to the Gammaproteobacteria. Previous studies have indicated that abundance and diversity of genes involved in denitrification in sediments might be affected by many factors, including concentration gradient of the dissolved inorganic nitrogen, organic matter content, dissolved oxygen, and redox potential (Dong et al. 2009 (Dong et al. , reyna et al. 2010 . In our approach, the affiliation of sequences associated with denitrification revealed to be more diverse in the mangrove contaminated by the oil spilt (BrMgv02). Possibly, this response of the system is associated with the removal of prevalent conditions in other systems, limiting the development of highly specialized groups, and further opening niches for others players in this transformation, what is connected to the intermediate disturbance theory (Padisák et al. 1993) , where diversity is high when disturbances occur at an intermediate frequency and/or intensity.
In mangrove systems, 55% of the nitrogen loss (as NO, N 2 O or N 2 ) is known to occur through denitrification (Fernandes et al. 2012 ). However, anammox bacteria could be also responsible for a significant portion of the loss of fixed nitrogen, as observed in the oceans (Strous and Jetten 2004) , and might account for up to 67% of the nitrogen removal in marine sediments by shunting nitrogen directly from Nh 4 + and NO 2 under anaerobic conditions (thamdrup and Dalsgaard 2002) . It was well known that NO 2 is the oxidized substrate for the anammox process , risgaard-Petersen et al. 2003 , thamdrup and Dalsgaard 2002 , trimmer et al. 2003 , although recent research suggests that some cultivated anammox bacteria can reduce NO 3 to NO 2 with propionate as the electron donor (holtappels et al. 2011 ). Furthermore, marine anammox bacteria, in contrast to their competitors (the denitrifiers) appear to require a continuous supply of NO x -(NO 3 plus NO 2 -) to maintain an active enzyme apparatus (risgaard-Petersen et al. 2003 , Meyer et al. 2005 . Given that Nh 4 + is rarely limiting in sediments, the availability of NO 2 most likely controls the abundance of active anammox bacteria (Meyer et al. 2005) . Indeed, high rates of anammox occur in estuarine sediments with permanently high concentrations of NO 2 - (risgaard-Petersen et al. 2003) . Also, high NO 3 concentrations are known to support anammox rates. explain that in inorganic-rich sediments, denitrification is more responsive to organic carbon loading than anammox. In high organic matter content conditions, higher demand for electron acceptor is created (i.e. NO 2 and NO 3 -) and a smaller . In such circumstances, anammox may not be able to keep up with denitrification when electron donor availability is high. Such a phenomenon might be occurring in mangrove soils, which have considerable organic carbon content. also evidence that denitrifiers have a higher growth rate than bacteria performing anammox, what can also explain the higher rates of denitrification reported here. Regarding affiliation of the gene sequences involved in anammox process, hh, hao and hz genes, we observed that they were mostly affiliated with Planctomycetes, which is consistent with previous observations; as far as we know, anaerobic ammonium oxidation is performed by a monophyletic group of bacteria within the phylum Planctomycetes (Schmid et al. 2000 (Schmid et al. , 2003 .
Dissimilatory nitrate reduction to ammonium (DNrA) is an anaerobic microbial pathway that occurs in reductive environments capable of maintaining anaerobic metabolism, conditions that are generally thought to occur only in flooded environments (tiedje 1988). Several studies have reported the occurrence of DNrA in soils, sediments, anoxic zones in waters and other sites, and that DNrA bacteria are generally found in anoxic environments with low nitrate availability anoxic (Kraft et al. 2011 , Fernandes et al. 2012 . DNrA and denitrification are two microbial processes that compete for nitrite and nitrate in the environment (van den Berg et al. 2016) . however, while there is general agreement that denitrification process takes place in many soils, the occurrence, importance and drivers of DNrA are generally not considered (Meyer et al. 2005 , Kraft et al. 2011 ). here we observed for DNrA a similar trend that was observed for denitrification and anammox, but differences between the oil-affected area and the others were lower than the differences observed in denitrification or anammox rates. Furthermore, mangrove BrMgv03 showed the highest amount of NO x consumption, suggesting that DNrA pathway might be important in BrMgv03, and maybe much more important than presently realized. the soil oxidation state is the principal factor that influences rates of DNrA (Matheson et al. 2002 , Brunel et al. 1992 , with DNrA by bacteria and fungi occurring under more reducing (anoxic) conditions (takaya 2002 , Yin et al. 2002 , Jones et al. 2008 , as compared with denitrification. On the other hand, other studies showed that DNrA is less sensitive to variable redox conditions (Pett-ridge et al. 2006 ) and less sensitive to O 2 than denitrification (Lavik et al. 2009 ). Recently it has been confirmed experimentally that the organic carbon to nitrate and nitrite ratio and the availability of nitrite versus nitrate play a role on whether denitrification or DNrA processes dominate, as well as the generation time of the microbes (Kraft et al. 2014) . Because generation time is very difficult to measure in sediments it has been overlooked so far.
the capability to perform DNrA is widely distributed among bacteria. tiedje (1988) listed several genera of soil bacteria, which are obligate anaerobes (Clostridium), facultative anaerobes (Citrobacter, Enterobacter, Erwinia, Escherichia, Klebsiella) or aerobes (Bacillus, Pseudomonas), capable of performing DNrA. Our results corroborate these findings where we observed a high predominance of DNRA related sequences affiliated with Gammaproteobacteria.
Finally, the rate and flow of different types of nitrogen compounds in a mangrove ecosystem depends on the characteristics of the system. According to Alongi (2002), common disturbances, e.g. oil spills, can shift a healthy decomposing aerobic-anaerobic system of the mangrove to a complete anaerobic system, which is less efficient and slow in recycling nutrients, resulting in the buildup and release of toxic sulfides. Rates observed for denitrification/anammox activity can be a direct output of the contamination in mangroves sampled; it can also affect NH 4 + availability in these sites, which influence directly all nitrogen cycle. Similarly, many other environmental factors can be affecting these nitrogen pathways in mangrove soils: e.g. the differences in sediment grain size, organic content, and h 2 S, difference in water movement, air-exposure frequency, and plant cover (Koop-Jakobsen et al. 2010 ).
